Introduction
Organic field-effect transistors (OFETs) have gained great interest because of their potential application to low-cost and flexible electronics including organic-light emitting displays, electronic papers and RFID tags. It is well known that the electrical performances of OFETs are strongly influenced by the disorder in organic semiconductors and charge trapping in localized states degrades device performances such as bias stress instability and decrease in field-effect mobility. Hence, the understanding of localized states and charge transport is crucially important to improve OFET performances.
Besides their technological interest, OFETs are one of the useful means to study charge transport in organic semiconductors because of their three terminal configurations. The OFET configuration enables more reliable analysis in the low temperature regime due to high charge density, and more detailed investigation compared to conventional two terminal measurements such as time-of-flight technique. In the last decade, various models to describe charge transport in organic semiconductors have been proposed. Vissenberg and Matters have reported that the temperature and gate voltage dependence of charge mobility in OFETs can be explained by variable-range hopping in energetically distributed tail states in organic semiconductors [1] . The multiple trapping or trap-controlled band transport model that commonly used for amorphous inorganic semiconductors has been advocated by several authors [2] [3] [4] .
In this study, we perform the FET measurements of OFETs based on regioregular polythiophenes in a wide temperature range from 9 K to 300 K to investigate charge transport mechanism in OFETs.
Experiments
The device structures of fabricated OFETs are shown in Fig. 1 . The substrate used in this study was a highly doped n + -Si wafer with a thermally grown SiO 2 layer (300 nm) on the surface. The source and drain Au electrodes of top-contact and bottom-contact devices were fabricated by vacuum evaporation using a metal shadow mask and by photolithography, respectively. The Cr thin layer (~1-2 nm) was employed to promote the adhesion of Au to SiO 2 in bottom-contact devices. The channel length and width were 50 µm and 3 mm, respectively. For regioregular polythiophene-based materials, the high (hole) mobility polymers of poly(2,5-bis(3-hexadecylthiophene-2-yl)thieno[3,2-b]thiophene) (pBTTT) and poly(3-hexylthiophene) (P3HT) were used. The toluene solution of the polymer semiconductor was spin-coated on the SiO 2 surface, which was cleaned with a UV/O 3 cleaner. For comparison, the devices on the SiO 2 dielectrics treated with self-assembled monolayers (SAMs) of dodecyltrichlorosilane (DTS) were also fabricated. The fabricated OFET devices were heated at 100 °C for 1 h in vacuum to remove residual solvents and dopants such as oxygen and water in semiconductor layers.
The FET measurements were performed in a temperature-variable probe station (Desert Cryogenics TTP4) using source meters (Keithley 2611 and 2400) after leaving over 12 h in vacuum. Figure 2 shows the Arrhenius plots of field-effect mobility in the linear regime of pBTTT and P3HT FETs. We can see that the field-effect mobility of all devices exhibits thermally activated Arrhenius behavior above 150 K, whereas the activation energy of the mobility decreases with temperature below 150 K and the mobility becomes temperature independent below 30 K. The anomalous temperature dependence of the mobility observed around room temperature has been reported in literature [2, 5] and has recently been explained by the influence of residual water in organic semiconductor layers [5] .
Results and discussion
It can be seen in Fig. 2(b) that the mobility increases and its activation energy decreases by SAM treatment of dielectrics in both P3HT and pBTTT FETs. These results clearly indicate that charge transport in OFETs is dominated by trapping in localized states caused by structural disorder in organic semiconductors. We also find that the activation energy of the mobility decreases with gate voltage (not shown). The similar dependence of the mobility on temperature and on gate voltage has generally been observed in hydrogenated amorphous Si thin-film transistors [5] in which the transport mechanism has been interpreted on the basis of trap-controlled band transport. The similarities strongly suggest that transport energy, which plays a role similar to a mobility edge in the trap-controlled band transport, exists even in organic semiconductors. This is reasonable in the case of organic semiconductors having energetically distributed localized states because most of nearest neighbor localized (hopping) states are located close to the HOMO level of organic semiconductors, which leads to the thermally activated transport of trapped charges through localized states at the transport energy (trap-controlled hopping transport). We see in Fig. 3 that the mobility at low temperatures shows strong gate voltage dependence, suggesting variable-range hopping in the localized-state distribution in organic semiconductors [1] . As the temperature decreases, the nearest neighbor hopping becomes difficult because of low thermal energy, and more distant hopping via localized states around the Fermi level becomes energetically favored, which would result in the decrease in the activation energy of the mobility, as observed in Fig. 2(a) . At extremely low temperatures, tunneling through localized states at the Fermi level is expected to be predominant because of very small thermal energy.
Conclusions
We have investigated the charge transport in regioregular polythiophene-based OFETs in a wide temperature range from 9 K to 300 K. The charge transport characteristics are changed with the temperature, which is attributed to hopping transport localized tail states in organic semiconductors. The thermally activated Arrhenius behaviors of field-effect mobility observed above 150 K indicate that dominated transport is trap-controlled hopping via the transport energy. Below 150 K, variable-range hopping between localized states around the Fermi level becomes predominant because of low thermal energy, which is manifested by the low activation energy of mobility. The temperature-independent mobility below 30 K suggests tunneling transport via localized states at the Fermi level. 
